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A. Introduction 

Angiogenesis is critical for the sustained growth1,2 and metastasis3 of solid tumors. Anti-angiogenic 
therapies are often cytostatic (do not decrease tumor volume), so that evaluations of vascular 
permeabilities and fractional blood volumes are required to assess early therapeutic responses.4  
Dynamic Contrast Enhanced MRI (DCE MRI) has been used to detect changes in vascular 
permeability, typically represented by the parameter Ktrans, by monitoring the rate of uptake and/or 
wash-out of a T1 MRI contrast agent in the tumor tissue. The results from many DCE-MRI studies are 
correlated with microvessel densities,5 expression of VEGF6 and other measurements of tumor viability. 
Although DCE MRI can provide semi-quantitative results in preclinical studies, the high variability of the 
DCE MRI measurements of Ktrans can only produce marginal, qualitative assessments of tumor 
angiogenesis in the clinic.7 Our central hypothesis is that variations of hematocrit and blood flow 
between patients are the primary sources of the variability in DCE MRI measurements of vascular 
permeability. We proposed a new reference-region model for DCE-MRI that will improve the 
assessment of anti-angiogenic breast cancer therapies by removing the effects of variations in the 
hematocrit and blood flow within the tumor microvasculature.  

B. Key Accomplishments 

B1. Training Accomplishments 

General Training 

During the first year of this project I completed all my course work and was advanced to PhD candidacy 
by the Department of Chemistry at the University of Arizona. I continued my training on Magnetic 
Resonance Imaging under the mentorship of Dr. Mark D. Pagel (my advisor). I also completed and 
advance course in biostatistics, which has proven fundamental for the analysis and interpretation of 
some of the results reported here. All the courses I have taken and my cumulative GPD are listed in 
appendix one.  

 

Project-specific Training 

I collaborated with Dr. Pagel and Dr. Amanda Baker (Arizona Cancer Center) on the design, 
preparation and implementation of a study to asses the response of pancreatic tumors to a hypoxia-
activated drug (TH-302) by DCE-MRI and Diffusion-Weighted MRI (DW-MRI). The spefici deliverables 
of this collaboration are:  1) A computer code written in Matlab to analyze T1-weighted DCE-MRI data 
using the model by Tofts et al. 2) I became proficient in the design and implementations of imaging 
protocols for T1 and T2-weighted MRI. 3) An specific protocol for the analysis of variations in Ktrans  
using non-parametric and parametric hypothesis testing. 

 

B2. Research Accomplishments 

B2.1 DCE-MRI and DW-MRI to evaluate the effect of a hypoxia-activated chemotherapy 

We used DCE-MRI and DW-MRI to investigate the biological response to TH-302, a hypoxia-activated 
prodrug in a pre-clinical model of pancreatic cancer. As a consequence of TH-302 selective effects on 
poorly-vascularized tumor regions, we expected a change in DCE-MRI and/or DW-MRI. The results 
showed that TH-302 caused a change in tumor vasculature as measured with DCE-MRI, but did not 
change cell membrane integrity measured with DW-MRI. These effects were homogenous throughout 
the tumor. These results demonstrate advantages of combining DCE-MRI and DW-MRI for therapy 
studies. (Figures 1 and 2). 



 

 

Figure 1. The effect of TH-302 therapy on Ktrans measured with DCE-MRI.   

A) An anatomical image shows the location of the tumor.  Dark bands below the tumor were caused by 
excitation of orthogonal slices that imaged the renal artery.  B) After injecting the agent, a strong change 
in MRI signal was observed in the tumor.  C) The Arterial Input Function (AIF) from the femoral artery 
showed less variability than the renal AIF.  D)  The parametric map of Ktrans values showed good 
spatial homogeneity.  E) The relative median Ktrans decreased on Day 1 following TH-302 therapy 
while Ktrans increased with vehicle treatment.  (The height shows the median for each Bars indicate 
medians, Error bars represent standard deviations;  * indicates p < 0.05 for the null hypothesis of groups 
with equal medians. 

 

 

 

Figure 2.  The effect of TH-302 therapy on ADC measured with DW-MRI.   

A) The parametric map of ADC values showed good spatial homogeneity, especially relative to the 
torso.  The anatomical image that corresponds to this ADC map is shown in Figure 2A.  B) The average 
ADC did not change following TH-302 therapy.  Error bars represent the standard deviation of cohorts 7 
mice.  All average ADC values were statistically equivalent (p> 0.05 for all 15 pairs of the 6 values).    



B2.1 Derivation of a new reference-region model for DCE-MRI 

Since the start of this grant we have developed a new pharmacokinetic model for DCE-MRI that 
removes the effect of hematocrit and blood flow on relative measurement of tumor permeability. The 
only inputs required by this model are the concentration of two tracers in the tumor vasculature as a 
function of time. This is an improvement over previous reference-region models that require estimates 
of the tissue permeability and distribution volume of one of the agents in addition to the absolute 
concentration of both agents.(Yankeelov). The derivation of the final equation that will be used to 
analyze all the DCE-MRI data is described in Figure 3. 

 

 

Figure 3.  Derivation of a new equation to calculate relative Ktrans and kep for two tracers   

According to computer simulations performed with this new model, it is possible to calculate the relative 
permeability of two agents with an error of less than 0.5 % (Table 1). 

 

  Calculated by New model 

Constant Expected  Ct=agent_one  Ct=agent_two 
Ktrans1 / Ktrans2 0.217 0.217 NA 
kep1 0.0619 0.0619 NA 
Ktrans2 / Ktrans1 4.615 NA 4.606 
kep2 0.2857 NA 0.285 

Table 1.  Calculated and expected values of the pharmacokinetic parameters of the new model.  

 



 

B2.1 Synthesis of a new class of contrast agents for 19F-DCE-MRI 

An important assumption in this model is that both tracers are detected simultaneously within the tissue 
of interest; in order to accomplish such task we designed and synthesized a new series of derivatives of a 
new 19F-MRI contrast agent that can be selectively detected within the same region of interest (Figure 
4).  The Larmor frequency of the CF3 groups in these molecules is changed by the presence of specific 
lanthanides in the chelating ring. Figure 5 shows how the selection of the lanthanide affects the 
resonance frequency of the CF3 group. All the compounds were characterized by Mass Spectrometry, 
and  13C, 1H, 19F, NMR. 

 

Figure 4.  Synthesis of a new class of 19F-MRI contrast agents.   

 

An advantage of 19F-MRI over standard 1H-MRI is that the correlation between the concentration and 
signal is linear, therefore is not necessary to know the T1-relaxivity of the tissue of interest before 
injection of the contrast agent. However, when we tried to collect images of these new compounds we 
realized that the concentration required to obtain images in reasonable amount of time is 20 times higher 
than the concentration obtained for a saturated solution of any of these compounds. Therefore, we 
decided to synthesize emulsions of perfluorinated-15-crown-ether and perfluoro-octane. 

 



 

Figure 5.  The effect on lanthanide selection on the Resonance Frequency of the CF3 group 

 

 

 

Figure 6. Selective MRI of 19F nanoemulsions of perfluoro- 15-crown-ether and perfluoro-octane 

 

With these new agents it is possible to reach a concentration of up to 71 Molar. Which is about 35 times 
higher than our limit of detection. Additionally, we were able to image a mixture of these agents 
selectively. The details are provided in Figure 6. We also optimized our 19F-DCE-MRI protocol to 
obtain images of 19F contrast agents with the same temporal resolutions than standard 1H-DCE-MRI. 
Finally, we were also able to collect 19F images one of the agents in a mouse model of breast cancer with 
high temporal resolution for such studies. (Figure 7). 
 

 



 

Figure 7. In vivo MRI of 19F a 60 nm emulsion of perfluoro- 15-crown-ether  
 

C. Reportable Outcomes 

 

Section B2.1 of this report will be presented as traditional poster during the 2011 meeting of 

International Society of Magnetic Resonance in Medicine in Montreal, Canada. A manuscript describing 

the results of this section will be prepared and submitted for publication. A manuscript about the results 

on section B2.2 is also under preparation. 

 

D. Conclusion 

 

We have developed a new reference-region model for DCE-MRI. We also designed and synthesized a 

new class of 19F-MRI contrast agents that can be detected in vivo. Our future work includes the 

simultaneous detection of two agents in vivo, and the analysis of their pharmacokinetics properties 

using our new DCE-MRI model. 
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